the atomic positions have not been determined within its unit cell, and the small unit cell that we provided could well be the base for larger superlattices (20). Its composition and phase relation to pv and ppv needs to be determined as a function of P-T for interpreting various features in the deep lower mantle. Last, its elasticity and rheological properties are essential for interpretation of deep Earth seismology.
COSMOLOGY
Holographic description of a quantum black hole on a computer Masanori Hanada, 1,2,3 * Yoshifumi Hyakutake, 4 Goro Ishiki, 1 Jun Nishimura 5, 6 Black holes have been predicted to radiate particles and eventually evaporate, which has led to the information loss paradox and implies that the fundamental laws of quantum mechanics may be violated. Superstring theory, a consistent theory of quantum gravity, provides a possible solution to the paradox if evaporating black holes can actually be described in terms of standard quantum mechanical systems, as conjectured from the theory. Here, we test this conjecture by calculating the mass of a black hole in the corresponding quantum mechanical system numerically.
Our results agree well with the prediction from gravity theory, including the leading quantum gravity correction. Our ability to simulate black holes offers the potential to further explore the yet mysterious nature of quantum gravity through well-established quantum mechanics.
I n 1974, it was realized that a black hole should radiate particles as a perfect black body due to quantum effects in the surrounding space and that the black hole should eventually evaporate completely (1, 2) . This phenomenon, which is known as the Hawking radiation, made more accurate the close analogy between the laws of black hole physics and those of thermodynamics (3), but it also caused a long scientific debate (4, 5) concerning the information-loss paradox (6, 7). Suppose one throws a book into a black hole. While the black hole evaporates, all we observe is the blackbody radiation. Therefore, the information contained in the book is lost forever. This statement sharply conflicts with a basic consequence of the law of quantum mechanics that the information of the initial state should never disappear. Then the question is whether the law of quantum mechanics is violated or the above argument should somehow be modified if full quantum effects of gravity are taken into account.
Superstring theory, a consistent theory of quantum gravity, enabled us to understand the statistical-mechanical origin of the black hole entropy for a special class of stable black holes by counting the microscopic states, which look like the same black hole from a distant observer (8) . The paradox still remains, however, because a complete description of an evaporating black hole is yet to be established. A key to resolve the paradox is provided by the gauge-gravity duality (9) , which is conjectured in superstring theory. In a particular case, it claims that black holes in gravity theory can be described in terms of gauge theory in one dimension, which is a standard quantum mechanical system without gravity. The conjecture may be viewed as a concrete realization of the holographic principle (10, 11) , which states that all of the information inside a black hole should be somehow encoded on its boundary, namely on the so-called event horizon of the black hole. In gauge theory in general, information is conserved during the time evolution as the standard laws of quantum mechanics simply apply. Therefore, it is widely believed that there is no information loss if the conjectured holographic description of a black hole is correct, including full quantum effects of gravity.
We performed Monte Carlo simulation of the dual gauge theory in the parameter regime corresponding to a black hole, which is destabilized due to quantum gravity effects. Our results for the mass of the black hole agree precisely with a prediction (12) obtained from independent calculations in gravity theory at the leading order of quantum corrections. Thus, we obtain quantitative evidence that the dual gauge theory provides a correct description of the black hole, including quantum gravity effects.
Superstring theory contains closed strings and open strings. The former mediates gravitational force, whereas the latter mediates gauge interactions such as the electromagnetic force. The theory also contains objects called D-branes (13) , on which open strings can end. The dynamical property of D-branes, including the oscillation of open strings, is described by a gauge theory (14) , which is a generalization of quantum electrodynamics. As a particular type of D-branes, we consider D-particles, which look like pointlike objects.
Let us consider the low-energy limit, which enables us to view strings as particles. If we furthermore neglect quantum effects, the full superstring theory can be well approximated by a generalized version of Einstein's gravity theory, which describes gravity classically in terms of the curvature associated with the space-time geometry. Within these approximations, N D-particles are expressed as a black hole. When N, the number of D-particles, is large, the size of the black hole is large and the geometry is weakly curved compared with the typical scale of quantum gravity. Hence, quantum gravity effects can be neglected. On the other hand, quantum gravity effects become important as N becomes small.
According to the gauge-gravity duality conjecture (see Fig. 1 ), superstring theory in the presence of the black hole made of D-particles is equivalent to the gauge theory that describes the system of D-particles (15) . As the gauge theory is well defined at arbitrary N, it should capture the full quantum nature of superstring theory, including gravity, if the conjecture is true. Although there are many pieces of evidence for the gauge-gravity duality at N = ∞, where the classical approximation is fully justified on the gravity side (16), very little is known about it at the level of quantum gravity (17) .
The gauge theory that describes the system of N D-particles is a quantum mechanical system specified with the following action (18, 19) 
We have introduced the fields X i (t) (i = 1, 2,…, 9) and y a (t) (a = 1, 2,…, 16), which are N × N bosonic and fermionic Hermitian matrices depending on the "imaginary time" t. In the above equation, l is the coupling constant of the gauge theory, and the repeated indices are implicitly summed over. Intuitively, the diagonal elements of X i describe the positions of N D-particles in nine spatial directions (20) , whereas the off-diagonal elements correspond to strings connecting different D-particles. We have also defined the covariant derivative D t and the 9d gamma matrices g i (supplementary text). The range of t is restricted to 0 ≤ t ≤ b ≡ 1=T , with T being the temperature of the system, which should be identified with the Hawking temperature of the corresponding black hole on the gravity side. The partition function Z is defined as the sum of the Boltzmann factors exp(-S) for all field configurations, where S is the action given by Eq. 1. Then the internal energy, which is the basic quantity we calculate, is defined by E ¼ −ð∂=∂bÞlog Z. The internal energy actually corresponds to E = M(T) -M(0) on the gravity side, where M(T) denotes the mass of the black hole as a function of T. In what follows, we assume that E and T are made dimensionless by normalizing them with l 1/3 . From the calculation on the gravity side (12), the internal energy is expected to behave as (supplementary text) (1/N   2 ) term. On the other hand, the effects of the Hawking radiation, which represent nonlocal quantum effects in the black hole geometry, can be shown to be negligible in the parameter regime considered here (supplementary text). The possibility of probing such effects at much lower temperature shall be discussed as future work toward the end of this article. Fig. 1 . The gauge-gravity duality conjecture. Black holes in superstring theory are conjectured to be described by the dual gauge theory. To put the system in Eq. 1 on a computer, we expand each field in terms of Fourier modes with respect to time t and introduce a cutoff L on the frequency after fixing the gauge symmetry appropriately (21) (22) (23) . Using the results obtained at various values of L, we make an extrapolation to L = ∞. Although the fermionic matrices make the effective Boltzmann weight complex, we simply take the absolute value, which is shown to be a valid approximation in the present case (24) .
Here, we focus on small values of N (such as N = 3, 4, and 5) to probe the quantum gravity effects, which correspond to 1/N 2 corrections. This causes a new technical difficulty, which was absent in previous work (22, 23) at large N, such as N = 17. [See also (25, 26) for related work.] We observe that the eigenvalues of the bosonic matrices X i start to diverge while we are sampling important field configurations that contribute to the partition function. When N becomes small, the cluster of the eigenvalues becomes metastable, as expected from the instability of the black hole due to the quantum gravity effects discussed above. We therefore had to develop a method (27) that enables us to estimate the contribution from the metastable bound states.
In Fig. 2 , we plot our results for the internal energy E gauge in the L → ∞ limit as a function of T for N = 3, 4, 5. The curves represent the fits to the behaviors expected from the gravity side, which shall be explained later. At sufficiently low temperature, the internal energy increases as temperature decreases, which implies that the specific heat becomes negative. Such a behavior is possible because we are measuring the internal energy of the metastable bound states.
In Fig. 3 , we plot (E gauge -E gravity )/N 2 against 1/N 4 for T = 0.08 and 0.11. Our data are nicely fitted by straight lines passing through the origin. This implies that our results obtained on the gauge theory side are indeed consistent with the result in Eq. 2 obtained on the gravity side, including quantum gravity corrections. The agreement of similar accuracy is also observed at other values of T.
As a further consistency check, we fit our results for each T by E gauge /N 2 = 7.41T 2.8 + c 1 /N 2 + c 2 /N 4 , leaving c 1 and c 2 as fitting parameters depending on T. In Fig. 4 , we plot c 1 obtained by the two-parameter fit against T, which agrees well with c 1 = -5.77T 0.4 . As for the coefficient c 2 of the O(1/N 4 ) terms, the prediction from the gravity side is given by c 2 = cT -2.6 + …, where c is an unknown constant. In fact, c 2 can be fitted, for instance, by c 2 ¼ cT −2:6 þ cT p , with c = 0.0340 (11), c ¼ 0:17ð19Þ Â 10 6 , and p = 4.30(52). (The value for c looks huge, but it is actually compensated by the high power of T within the temperature region investigated here.) Therefore, we consider that the T dependence of c 2 is also consistent with the prediction from the gravity side. The curves in Fig. 2 
with the fitting parameters obtained above.
Our work suggests a new approach to the yet mysterious nature of quantum gravity. Now that we have clear evidence for the gauge-gravity duality, including quantum gravity effects, we can turn the table around and attempt to study various issues involving quantum gravity by performing Monte Carlo simulation of the dual gauge theory. For instance, it is speculated that the dual gauge theory studied in this work undergoes a phase transition at the critical temperature T c ºN −5=9 corresponding to the Gregory-Laflamme transition on the gravity side (15) . Below this temperature, the dual gauge theory is speculated to describe a Schwarzschild black hole in 11 dimensions, which causes the Hawking radiation. Our method appears capable of reaching this regime, and the obtained results would give us deeper insights into the information loss paradox.
In short, we feel that problems involving quantum gravity have become as tractable as problems involving the strong interaction. The latter can be studied by simulating a gauge theory on a four-dimensional (4D) lattice, and such a method has recently been used to reproduce the mass spectrum of hadrons (28) and the nuclear force (29) . We can now apply essentially the same method to study quantum gravity, which has been thought to be far more difficult. T he achievement of a mechanistic understanding of chemical and biological functions depends on knowing the geometric structure and the nature of the bonds in the molecules. Consequently, a number of techniques have been extensively developed to attain this knowledge, including x-ray diffraction, electron diffraction, and nuclear magnetic resonance. These techniques, however, do not provide a direct view of the molecules in real space. Nonetheless, they have yielded threedimensional structures of many complex molecules that enabled the elucidation of their chemical and biological properties. Only recently has the atomic force microscope (AFM) been used to obtain real-space images of the molecular structures of mostly planar molecules (1, 2). The AFM approach allows structural imaging that can discriminate a reactant and its different products (3) or reveal hydrogen bonding between molecules (4).
The high spatial resolution of the AFM was obtained by functionalizing the tip with a CO molecule (5, 6) and measuring the shift in the resonance frequency of the quartz tuning fork above the adsorbed molecule (7). The spatial resolution arises from variations of the force gradient sensed by the CO-tip as it scans over different parts of the molecule. The observed contrast revealing the molecular structure implies that the frequency shift is different over the atoms and the bonds between them, relative to elsewhere. The range of frequency shift is few Hz from the resonance of 20 to 30 kHz.
In comparison, the scanning tunneling microscope (STM) has been shown to reveal the electronic properties of the sample. Good agreements have been obtained between theory and experiment for the molecular orbitals in describing the spatial distributions for the electron density (8-10) and spin excitation (11) . These images reflect the electron wave functions that are related to (but do not directly display) the molecular structures. By trapping a hydrogen molecule in the STM junction or transferring a Xe, CO, or CH 4 molecule to the tip, molecular structure could be resolved from the topographic and differential conductance images, and intermolecular bonds were revealed (12) (13) (14) .
Here, we demonstrate an approach based on the STM to image the skeletal structure and bonding in an adsorbed molecule by singlemolecule inelastic tunneling probe (itProbe). A CO molecule is transferred to the tip, and a vibrational mode of the tip CO senses the bonding between two atoms in an adsorbed molecule. As the CO-terminated tip is scanned over the molecule during imaging, changes in the energy and intensity of the hindered translational vibration of CO are measured by inelastic electron tunneling spectroscopy (IETS) with the STM (15) . This low-energy CO vibration senses the spatially varying potential energy landscape of the molecule and its surroundings. The range of energy shift is on the order of the vibrational energy of~3 meV, or equivalentlỹ 0.7 THz. All of the experiments were performed in ultrahigh vacuum (5 × 10 −11 torr); the spectra reported were taken at a sample and STM temperature of 600 mK (16) . A topographic image taken with a bare Ag tip of cobalt phthalocyanine (CoPc) coadsorbed with CO on Ag(110) is shown in Fig. 1A . Adsorption configurations, labeled CoPc(×) and CoPc(+), are possible on the surface. Each CO molecule is identified by its hindered translational (2.8 meV) and rotational (18.3 and 20.3 meV) modes in the vibrational spectra by STM-IETS (Fig. 1B) . The nondegenerate hindered rotation in the two orthogonal directions parallel to the Ag(110) surface is resolved as a peak splitting. The same area imaged after
